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Introduction
Many damaging crop diseases are associated with two or more related co-existing fungal pathogens (Gudelj et al., 2004; Fitt et al., 2006a) . For example, wheat leaf blotch diseases are caused by two related species Septoria tritici (teleomorph Mycosphaerella graminicola) and S. nodorum (teleomorph Phaeosphaeria nodorum) (Bearchell et al., 2005; Shaw et al., 2008) ; cereal eyespot disease on stem bases is caused by Oculimacula yallundae and O. acuformis (Bierman et al., 2002) ; two related species Mycosphaerella brassicicola and M. capsellae cause co-existing leaf spots on oilseed rape leaves (Gudelj et al., 2004) . Effectiveness of control of such diseases by fungicides may be associated with their effects on proportions of the two related species, especially if one of them is more damaging. It has been demonstrated that fungicides can select for one of the two eyespot pathogen species on winter wheat; sprays with the fungicide prochloraz increased proportions of O.
acuformis and decreased proportions of O. yallundae compared to proportions in untreated plots (Bierman et al., 2002) . Phoma stem canker, a disease of worldwide economic importance on oilseed rape/canola (Brassica napus) and brassica vegetables, and responsible for losses worth more than £500M each growing season (West et al., 2001; Fitt et al., 2008) , is caused by the two closely related species Leptosphaeria maculans and L. biglobosa (Shoemaker & Brun, 2001) , which co-exist on their host (Fitt et al., 2006a) . L. maculans is more damaging, causing stem base canker; L. biglobosa is generally less damaging, causing upper stem lesions (West et al., 2002a; Huang et al., 2005) .
Therefore, the proportion of the two species in local populations has been shown to affect the severity of stem canker epidemics (Stonard et al., 2010a) .
In the UK, control of severe phoma stem canker epidemics relies on the application of foliar fungicides (West et al., 2002b) . However, the effectiveness of fungicide application varies from season to season and from region to region (West et al., 2002b; Steed et al., 2007; Stonard et al., 2010a) . To optimise the use of fungicides for successful management of phoma stem canker in selects for fungicide resistance alleles in pathogen populations, both of which would affect severity of phoma stem canker epidemics.
In the same way that effects of fungicide are assessed at the end of the season, in the UK, where oilseed rape is sown in autumn (August/September) and harvested the following summer (July), cultivar rating for resistance is based on assessment of phoma stem canker symptoms before harvest (Fitt et al., 2006b; www.hgca.com) . However, such assessments provide no evidence whether cultivar interactions with the two co-existing pathogen species affect the severity of preharvest symptoms. There is evidence that pre-inoculation with L. biglobosa can activate local and systemic defence responses in oilseed rape to decrease the in planta development of L. maculans. In controlled environment experiments, oilseed rape plants pre-inoculated with L. biglobosa conidia before a challenge inoculation with L. maculans conidia developed smaller leaf lesions than plants without L. biglobosa pre-treatment (Mahuku et al., 1996) . Furthermore, it has been shown that this activation of host defence responses by L. biglobosa occurs in winter oilseed rape crops; treatment of winter oilseed rape plants with ascospores of L. biglobosa in the autumn resulted in decreased stem canker severity before harvest (Liu et al., 2006 (Liu et al., , 2007 . However, it is not clear how important these interactions between L. maculans and L. biglobosa are in determining the severity of stem canker on different cultivars.
In Europe, epidemics of phoma stem canker on winter oilseed rape are initiated in autumn by air-borne ascospores (West et al., 1999; Huang et al., 2005) . Germinated ascospores infect leaves to produce phoma leaf spots from which the pathogen grows along petioles into stems to initiate stem base cankers or upper stem lesions (Huang et al., 2006) . As epidemics of phoma leaf spot early in autumn are associated with more severe basal cankers and greater yield loss the following summer, foliar fungicides must be applied in time to prevent the pathogens from growing to stems to cause stem cankers (Zhou et al., 1999; Gladders et al., 2006) . Therefore, optimal timing of fungicide applications depends on timing of ascospore release. Weather-based models for forecasting the against L. maculans with a rating of 6 on a 1-9 scale (www.hgca.com). The fungicide used in all experiments was the commercial product Punch C (containing 250 g L -1 flusilazole, 125 g L -1
carbendazim), the main fungicide used then against phoma stem canker and light leaf spot in the UK.
The flusilazole component of Punch C was effective for control of phoma stem canker and the carbendazim was for control of light leaf spot (Ashworth, unpublished),
Effects of fungicide treatment on growth of L. maculans and L. biglobosa in leaf tissues in controlled environment experiments
Plants of cvs Courage and Canberra were grown in pots (9 cm diameter) containing peat-based compost and a soluble fertiliser with one plant per pot. Plants were initially grown in a glasshouse until they had three fully expanded leaves, then transferred to a growth cabinet at 20°C with a 12 hour photoperiod (210 µmol m -2 sec -1
). The second and third leaves of each plant were inoculated by placing a 15 µL drop of ascospore suspension (10 4 ascospores mL -1
) on the lower part of the leaf lamina close to the main vein. Before inoculation, the lower part of the leaf was gently rubbed with a wet tissue so that drops of spore suspension remained on the leaf. There were three inoculation treatments: (1) L. maculans only; (2) L. biglobosa only; (3) mixture of L. maculans and L. biglobosa (suspensions of L. maculans and L. biglobosa ascospores were mixed in a 1:1 ratio). Ascospores of L. maculans were collected from pseudothecia produced on UK oilseed rape stem base debris; ascospores of L. biglobosa were collected from pseudothecia on stem debris from Poznan, Poland (Huang et al., 2003) . Stem pieces with mature pseudothecia producing ascospores of only L. maculans or only L. biglobosa, confirmed by isolation or PCR (Liu et al., 2006) , were stored at -20°C until required.
There were three fungicide treatments: (1) untreated (control, sprayed with distilled water);
(2) sprayed with the commercial fungicide product Punch C (DuPont Limited, Stevenage, UK) at 6 days post inoculation (dpi) (early spray); (3) sprayed at 11 dpi (late spray). A preliminary experiment ) showed that plants were damaged when sprayed at this concentration in glasshouse conditions.
When plants were sprayed at a 1:10 dilution of the recommended field application rate, no physiological changes (or symptoms of damage) were observed and there were differences in the development of phoma leaf spots between sprayed and unsprayed plants. Therefore, a 1:10 dilution was chosen for the controlled environment experiments and plants were sprayed until run-off. The experiment was arranged in a randomised complete block design with five replicate blocks (two plants per block). Development of phoma leaf spot lesions was assessed by measuring lesion diameter across two diagonals per lesion at 20 dpi. To investigate whether fungicide treatment affects symptomless growth of L. maculans or L. biglobosa along the leaf petiole from a leaf lesion to the stem, the inoculated leaves were detached at 22 dpi. The leaf lesion and a 10 cm length of the leaf petiole (measured from the inoculation site) were cut from each leaf and placed in a 50 mL tube to be freeze dried for DNA extraction (see below). The symptomless growth of L. maculans or L.
biglobosa in the leaf petiole was then measured by qPCR (Huang et al., 2009) .
Monitoring the release of L. maculans and L. biglobosa ascospores
Release of ascospores of L. maculans and L. biglobosa in the air was monitored using a Burkard 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 assumed that the mean amount of DNA per ascospore was the same for these two species), 40 days (each day when more than 200 ascospores were counted on the tape) were selected; for each day, all the ascospores on half of the tape had been counted under a microscope and the amounts of L.
maculans and L. biglobosa DNA on the other half of the tape had been quantified using qPCR. The mean amount of DNA per ascospore was then estimated (total pathogen DNA divided by total number of ascospores).
Effects of fungicide on development of phoma leaf spots and stem canker in winter oilseed rape
Four field experiments were done at Rothamsted (Table 1) . In each growing season, the winter oilseed rape cvs were sown in late August at 80 seeds m ) on two occasions (early spray and late spray) during each growing season (Table 1) .
At the end of each season, the experiments were combine harvested and the yields of individual plots were determined at 90% dry matter.
( Each of the sampled pieces of stem base was cut up and placed in a 50 mL tube to be freeze-dried.
Each freeze-dried stem base piece was ground into powder for DNA extraction and qPCR (see below).
Sensitivity of L. maculans isolates to the fungicide flusilazole
A total of 123 isolates of L. maculans from the UK and other countries (www.oregin.info) were initially tested in vitro for sensitivity to flusilazole using the method described by Eckert et al. 
DNA extraction and quantitative PCR (qPCR)
Samples from affected leaves or stems. Affected leaves or stems were freeze-dried and ground into powder using a mortar and pestle. DNA was extracted from a 20 mg sub-sample (from each ground sample) using a DNA extraction kit (DNAMITE Plant Kit, Microzone Ltd, UK) and quantified on a Nanodrop ND-1000 spectrophotometer (Labtech International, UK). Samples from spore sampler. Each half tape piece stored in a 1·5 mL tube was cut into six equal sized pieces and then placed in a sterile 2 mL screw-topped tube with acid-washed glass beads (0·15 g; particle size 425 − 600 µm; Sigma, UK). DNA was extracted from the tape pieces using the CTAB protocol (Kaczmarek et al., 2009 
Statistical analysis
For data from controlled environment experiments, residual diagnostic plots for analysis on a natural scale indicated that transformation was needed to stabilize the variance. Therefore, the data for size seasons, ANOVA analyses were done. Data from field experiments were analysed using ANOVA to determine whether there were significant differences between different fungicide treatments in severity of phoma leaf spots, growth of L. maculans or L. biglobosa in stem tissues, severity of stem canker or yield. All the analyses were done using GENSTAT statistical software (Payne et al., 2007) . .
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Monitoring the release of L. maculans and L. biglobosa ascospores
The numbers and patterns of ascospores released varied between growing seasons (Figs 3a, c; 4a, c) .
In all four growing seasons, few or no ascospores were observed before mid-September. The dates of the first major ascospore release (the date when ≥ 10 ascospores m -3 air were collected by the Burkard spore sampler; Huang et al., 2005) differed between seasons (Table 1) . After the first major release of ascospores was observed, ascospores continued to be released until spring in each season.
In 2003/04, when there was little rainfall in September/October, ascospore release started about 2 months later than in the other three growing seasons and there were fewer ascospores released than in the other seasons.
In 2006 DNA was greater than that of L. biglobosa DNA on most days (Fig. 5a ). The mean amount of L.
maculans DNA was significantly greater than that of L. biglobosa DNA (P = 0·001; SED 0·10; 304 df). This suggests that there were significantly more L. maculans ascospores than L. biglobosa ascospores. There were significant differences between different months in the amount of DNA of L.
maculans (P <0·001; SED 0·21; 152 df) or L. biglobosa (P <0·001; SED 0·20; 152 df). In 2007/08, the amount of L. maculans DNA was less than that of L. biglobosa DNA on most days (Fig. 5b) . The mean amount of L. maculans DNA was significantly less than that of L. biglobosa DNA (P < 0·001; SED 0·12; 294 df). There were significant monthly differences in amount of L. maculans DNA (P <0·001; SED 0·34; 160 df) or L. biglobosa DNA (P <0·001; SED 0·25; 160 df).
The estimated amount of DNA per ascospore was 5 pg. (Fig. 5c, d ). After the first major release, ascospores of both species were released on most days in autumn. Regression analysis demonstrated significant (P <0·001) relationships between the number of ascospores counted by light microscopy and the amount of pathogen DNA detected by qPCR. Poisson distributions with logarithmic link functions were fitted to describe relationships between the number of ascospores (counted on half of the spore tape by light microscopy) and amount of Leptosphaeria spp. DNA (detected by qPCR on the other half of the spore tape):
where N is the number of ascospores, D is ln-transformed amount of pathogen DNA and data in parentheses are standard errors of co-efficients.
(Figs 3, 4, 5 near here)
Effects of fungicide on development of phoma leaf spots and stem canker in winter oilseed rape
In 2003/04, the late release of ascospores was associated with a late start of the phoma leaf spot epidemic ( spray in both seasons. However, there was no significant difference in yield between treated and untreated plots in both seasons (Table 3) .
( Table 2 near here) In 2006/07 and 2007/08, early fungicide treatment decreased the incidence of phoma leaf spot in autumn (Fig. 4b,d ). There were differences in control of the epidemics between spray timings and between seasons. There was no significant difference between the two cultivars in incidence of phoma leaf spot, so the data are presented as the means of both cultivars. The development of phoma leaf spots in untreated plots differed between seasons. In 2006/07, incidence of phoma leaf spotting reached 40% in late October with a maximum of 78% plants affected in late November in untreated plots (Fig. 4b) . In 2007/08, although leaf lesions were observed in early October, the incidence of leaf spot did not reach 60% until mid-December with a maximum of 70% plants affected in early January in untreated plots (Fig. 4d) . In 2006/07, there were significant differences between fungicide treatments in incidence of phoma leaf spot for assessments between 2 November and 14 December 2006 (Fig. 4b) . In 2007/08, the epidemic was not severe; there was no significant difference in incidence of phoma leaf spot between fungicide treatments except for the assessment on 11
December 2007 (P <0·05, SED 9·4, 10 df) (Fig. 4d) . In both seasons, there were no differences between late-sprayed and untreated plots in incidence of phoma leaf spot (Fig. 4b, d ).
Fungicide treatment decreased the severity of phoma stem canker in 2006/07 and 2007/08 (Table 2 ). In both growing seasons, the severity of stem canker was greatest in untreated plots. In 2006/07, fungicide treatment significantly decreased the final stem canker severity (P <0·001, SED 0·21, 10 df). However, there was no difference in stem canker severity between early sprayed and late sprayed plots. There was a significant difference in stem canker severity between cultivars (P <0·001, SED 0·17, 10 df), with stem canker severity greater on Courage than on Canberra. There was no interaction between fungicide spray timing and cultivar. In 2007/08, after the smaller incidence of phoma leaf spot in autumn, the stem canker severity was less than in 2006/07. There was a In 2006/07, there was a significant difference in yield between treated and untreated plots (P <0·005, SED 0·11, 10 df) and between cultivars (P <0·01, SED 0·09, 10 df) ( ). Treated plots of cv. Courage yielded more than untreated plots but there was no significant difference in yield between treated and untreated plots of cv. Canberra (Table 2) . .
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Deleted: 4 (Fig. 6a) . There was no significant difference between cultivars in amount of L.
maculans DNA and no interaction between cultivar and spray timing. Fungicide treatment significantly decreased the amount of L. biglobosa DNA in cv. Canberra (P<0·001, SED 0·16, 74 df)
but not in cv. Courage (Fig. 6b) . When L. maculans and L. biglobosa DNA were analysed together, there was no difference between cultivars but there was a difference between spray treatments (P = 
where D is amount of pathogen DNA and S is the stem canker score. However, there was no clear relationship between the amount of L. biglobosa DNA in stems and the stem canker severity score at harvest.
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Deleted: triazole biglobosa DNA more. This direct evidence for differences between the two species in timing of ascospore release is supported by previous indirect evidence through assessing leaf spotting (West et al., 2002a) and explains how the two species co-exist on oilseed rape in the UK through separation in time (Fitt et al., 2006a) . Given the differences between the two species in their contribution to the severity of phoma stem canker epidemics, these results provide evidence for the benefits of early fungicide sprays timed to coincide with the first appearance of leaf spots in autumn (West et al., 2002b; Gladders et al., 2006; Steed et al., 2007 also been used to demonstrate seasonal differences in production of ascospores of the two species in
Poland (Kaczmarek et al., 2009) . It is likely that effects of fungicide on relative amounts of L.
maculans and L. biglobosa DNA in stems from the previous season contribute to differences in production of ascospores on stem debris between seasons, since the conditions for production and maturation of these two species are similar (Toscano-Underwood et al., 2003) . Differences in type and timing of fungicide use may also contribute to the regional differences in proportions of the two species in the UK (Stonard et al., 2010a (Stonard et al., , 2010b ).
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